Introduction: Osteoporotic fractures are a major health care problem, which severely affect the quality of life and mortality of elderly individuals. The costs are estimated to $13 billion annually in the United States (1) . Optimal non-invasive prediction of bone strength and fracture risk is therefore an important goal in medical diagnostics. Clinical studies have demonstrated an association between bone mineral status determined with dual energy X-ray absorptiometry (DXA) and fracture risk at clinically relevant sites, but it is controversial, to what extent measurements at one site can reliably predict fracture risk at another. Experimental studies in excised bones have advocated a site-specific approach of bone densitometry (2), whereas others (3) have claimed that it is preferable to determine spinal fracture risk from measurements at the distal radius, because substantial errors are involved in spinal DXA (but not radial DXA) under in situ conditions.
The objective of this study was to experimentally determine the correlation of bone failure loads at clinically relevant skeletal sites (thoracic and lumbar spine, proximal femur, distal radius) under different loading conditions, and to analyze the predictive ability of site-specific vs. non-sitespecific bone densitometry under in situ conditions (with intact soft tissues).
Materials and methods:
110 formalin fixed cadavers with intact skin and soft tissues were examined, 38 male (age 76 ± 12 yrs) and 72 female (83 ± 9 yrs). Specimens with bone disease other than osteopenia (malignancy, renal osteopathy) had been eliminated after histologic analysis of iliac crest biopsies. Bone mineral content (BMC) and bone mineral density (BMD) were analyzed with a DPX-L (Lunar Corp., Madison, WI) at lumbar vertebra 3 (L3) in ant.-post. direction, the left proximal femur (neck, trochanter, total), and the left distal radius. The spine, femora, left radius, and right forearm (including tendons, ligaments, and the intact hand) were then excised and radiographed, to exlude prior fracture. In 62 femora and vertebrae, DXA was repeated under ex situ conditions, the spine being scanned in lateral direction.
The bodies of thoracic vertebra 10 (T10) and L3 were tested to failure with intact ligaments and discs, but without posterior elements, using an axial compression test (3-segment method). One femur was tested by simulating a sideways fall on the greater trochanter (4), and the contralateral one in a vertical loading configuration (applying a load to the head parallel to the shaft). A 3-point-bending test was performed on the left radius, 33% proximal to the wrist. All tests above were performed at a loading rate of 6.5 mm/s. From the distal metaphysis of the left radius, a 10 mm axial slice was removed, and an axial compression test performed (loading rate = 0.8 mm/s). At the right forearm, a fall was simulated, the hand being positioned in 70° dorsiflexion, 10° radial abduction, and with the forearm in pronation (loading rate = 3.3 mm/s). Failure loads were recorded as the peaks of the load displacement curves. Clinically untypical fractures were not considered for further analysis. Fisher z-transformation was used to assess whether certain coefficients were significantly higher than others.
Results:
The correlation of failure loads between sites and different loading configurations were significant (p < 0.01), but only moderate (r = 0.39 to 0.79; Tab. 1). The correlation with site-specific DXA was always significantly (p < 0.05) higher than that with non-site-specific measurements, this applying to all loading configurations (Tab. 2). In situ, the highest correlation of femoral failure was with the BMC of the neck, whereas ex situ it was with the trochanteric BMD (side impact). Specimens with trochanteric fractures showed a high correlation with the ex situ trochanteric BMD (r = 0.88). Lateral ex situ DXA of L3 showed a significantly (p < 0.05) higher correlation with failure of L3 (r = 0.86) than with in situ ant.-post. DXA, but the correlation with failure of T10 was similar for in situ and ex situ DXA of L3. Discussion: An experimental (biomechanical) study design was selected, because the effect of soft tissues cannot be explicitly analyzed under in vivo conditions and because the clinical study of fracture rates at different sites is confounded by extraskeletal factors, such as the propensity to fall. We find that mechanical failure loads display only moderate correlations among relevant sites. This suggests that the loss of mechanical competence in osteoporosis is governed by strong regional variation. It is currently unclear, which factors lead to preferential loss of bone strength at certain anatomic locations. A potential explanation may be a regional variation of muscle strength in elderly individuals, to which the bones adapt. Under in situ conditions, DXA can predict 50 to 60% of the variability in bone failure loads at identical (or closely adjacent) anatomic sites, but only around 20 to 35% at distant sites. This advocates a site-specific approach of densitometry, with no skeletal location displaying a significant advantage over others in evaluating fracture risk throughout the skeleton. In situ ant.-post. DXA measurements at the lumbar spine predict failure loads in the thoracic spine with the same accuracy as lateral DXA under ex situ conditions. Since osteoporotic fractures are most frequent in the thoracic spine, there appears to be no advantage in obtaining lateral scans of the lumbar spine clinically.
This study shows that bone strength displays a high degree of heterogeneity among clinically relevant skeletal sites in the elderly, suggesting that the loss of mechanical competence is governed by strong regional variation and does not represent a strictly systemic process. A site-specific approach of bone densitometry is superior to non-site-specific measurements, even when accounting for spatially variable in situ accuracy errors of DXA.
